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CD4-Modified Synthetic Peptides Containing
Phenylalanine Inhibit HIV-1 Infection In Vitro
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Summary: Phenylalanine-containing peptides from CD4 were synthesized
based on chemical similarity with active CDHET-92)-benzyvlated peptides. The
svathetic peptide FYTFFVEDQKELREDD blocked the binding of gp 120 w0 CD4
and inhibited 507 ¢ human immunodeficiency virus (HIV I-induced synes tia for-
mation at a concentration (C 0 of 40-50 w3 and HIV pl17 expression with
an 10, of 67w The peptide is not toxic to eells in vitro, Moreover, acute
tonicity studies carried out in Swiss mice showed the peptide to be nontoxie at
adose of 2,000 me kg, This pheny lalanine-substituted CD4 peptide may prove
1o be useful in the treatment of” AIDS, Key Words: Human immunodeficiency
virus type 1—CD4-derived peptides—gp 120—Inhibition of human immunode-

licieney virus ivpe 1.

The main route of entry of human immuno-
deficieney virus type 1 (HIV-1) into the host cell
has been shown through the interaction ol HIV-1
gpl20 and CD4 molecules present on the sur-
fuce of ‘1 cells and other cell types (1.2), Severul
laboratories have prepared recombinant soluble
CD4 1o test the blocking of HIV-T gp 120 1o CD4 und
have confirmed that soluble CD4 can cefficiently
block viral infection in vitro (3=61. These observa-
tions led Lifson et al. (71 to test the HIV-1 inhibitory
activity of short synthetic peptide fragments en-
compassing the entire CD4 molecule. They found
that benzyvlated peptides from a region of CD4
(amino uacids 76-94) blocked HIV-1 infection
wherceas nonbenzyvlated peptides were mmactive,
Other studies have shown that the benzyvlated pep-
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tide T, Y1C,, By, VEDQK ((EE from this region
had higher activity than the nonbenzylated peptide
(8). Because of the chemical similarity between the
bensyvl group and the side ¢hain of phenvlidanine
(Pher. we proposed thit the replacement of benzy-
lated amino acids of this peptide by Phe may gen-
crate biologically active peptides (91, In the studies
reported here. we show that replacement of amino
acids by Phe in certain positions of synthetic pep-
tides can generate peptides that inhibit HIV-1 infec-
tuon in vitro,

METHODS

Peptide Synthesis
Sulid-phase peptide syntheses was carnied out by the method
ol Merrifield (1) using the Tuorenyimethosscarbony b (hmog)
alternative of Atherton et al 110 Peptides were puntied by high
performance ligmd chromatography (HPLO) betore use.

Cell Cultures
Molt-3 cells were cultured at 37 Cand 3797 COLn RPMI 1640
1Gibeon supplemented wath 1072 fetal calt serum FCS. Flow ) and
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17 antitioties tGirbeor The siame culture medimm wis used ton
HIN -1 chromcally itected Molt-3 cells iMalt-3 TN -1y 00
with the exception of the concentration of FOS 120000, i the
addition of 177 anu-PPLOY tCnbeon,

HT4awe/-1 cells were coltured i Dulbecco’™s modification o
agle medinm (DMEM) supplemented with 2 mM 1 -glutanine.,
0 FOS. and 170 pemaillin streptomaein,

Titration of HIV-1(II1) Virus

Tiration of virus was carnied out by means of syneytium for-
mation assad, cocultivating sertad ddutions from the vival stocks
with umntected Molt-3 cells or HTAkweZ- 1 The concentration of
the virts that catsed TO0=150 sy pes tin per well was used Tor the
imtection mhibition assis.

Svneytia Formation Assay

In the vise of Molt=3 svncvtiom formation assay Was carried
out as previonsiy desenbed with some modifications (1200 Fifny
microliter aliquots of vires were placed m Y-well plites contain-
ing either 30 pl solution of peptde i complete medinm or mee-
ditm alone tcontrolst After meubation at 37 C and 30 COL Loy

Ioh, 100wl of aninfected Maolt-3 cells cSnoon cells previous|y

%

incuhuted for 30 nun an complete medinm contiming 2 pe ml of
palvhrene! was added per well, The plates were then incubited
tor 4=3 davs at 37 C and 50 CO L The svnev it tgiant cells
ereater than three times the diameter of o normal Mol-3 celh
were counted i the entire well with use of an inverted micro-
SOOI,

The characteristios and use of HE3acZ- 1 cells have heen de-
sertbed elsewhere c130 We hinve adapted ther dse o pertorm a
Queantitative synes ticassay m Qh-well plates, Bretv . 100000 cells
(200 phy well were plated the das betore the assan . The tollow ing
day the medim was removed and 100 @l of peptide solution and
T b of dilored sins swere added Controls with no pepiode
were also made. AU the third diny postinfection, the medinm was
removed and the cells fived tor S min al room wmpeniture with
200 1l o o phosphate bulfered saline (PBS1 solution contaming
1 formaddehs de and 0.2 glutaraldehs de. After two washes
with 0,970 NaCl the cells were mcubated during That 37 C with
200l of areaction misture containing N-gal £5-bromo-4-chloro-
Lindoh Fp-p-galactopyranoside.. Bochnnper Mannhemn 400
e mi A m M potassium terrocmide. 4 m M potissiom fermein-
e and 2 mM MeCin PES Afer tao washes, 100 plor o409
NaCl was wdded per well. The plates were examined under the
microscope. and onlyv svoevtia with three or more blue nucler
were connted o the entire well

Fusion Assay

The Tuston assay Hormation of syney b from HIV - T=intected
amd umintected cellsh using Molt-3 cells has been described else-
where (T We modified this sssay by using unintected
HTALweZ- 1 cells, Thus, Staong HTdacZ-1 cells (100 gl were
added to 5000 chromeally mpected Molt-3 HIN -1, cells prem-
chbated for T h with 100 gl ol seral dilutions of peptide in com-
plete mediim. After 24 he the N-gal stining and counting ol
sanes i was pertormed s desenbed for the synovtinm formu-
Hon assay .

dowarnad o Ao d P Ity Svdvomes Vol 70 N 1 e

HIV-1 p17 Expression

LIV -1 pI 7 expression was measured on eells fived m metha-
ol acetone (1 vol vobr as deserbed 143, Briefly. the pelleted
cells were resuspended in PBS at a concentration of 107 per ml.
The cells were spotted on toxoplasmosis shides, e dried and
Naed o mcthanol acetone (0 Tor 15 nun al room lemperature.
[he shides were nest incubated wath 1077 nornal goat serum
room temperature for 30 mim and washed four tmes with PHS.
Monoclonal antibods o V-1 pl ™ was added to cach well, und
the shdes mcubated Tor 30 numom o homid chamber at 37 O The
shides were washed with PBS 4 nmest, incubated with Muores-
cein sothiocvanate (EFTO)=Eibeled goat anti-mouse immuno-
elobulin the) GoCappel Laboratones) for 30 nmum ot 37 O, and
subseguenthy washed with PBS. mounted with S0°7 ivol vol
shveerol and examned under i Zess Fluorescence microscope.
I'he percentage of cells exhibiting luorescence in the pepinde
treated and untreated cultures was compared.

CD4-gpl120 Binding Assay

Lo mcasure the ability of peptides to block CD4gp 120 inter-
actions, we tsed the gpl20 Capture ELISA tengy me-hinked im-
munosorbent assay b ki based on plates coated with CI4 protem
EAmerican Bio-Technologiesy, To choose the amount of recom
Biant gp 20 tAmencan Bio-Technologiess to be used m the as-
sud, e measured the bimdine of gpl20 10 CD4 by incubation of
the plate with 0250 ng of gpl20 per well for 1 hat room tem-
perature. Quantitation of the bound ¢pl20 with anti-gpl 20 anu-
bodies showed that 10 ng of epl 20 gave an optcal density 1OD)
ol aronnd 1.2, thus, this amount of gpl1 20 perwell was used moall
stbsequent bindimg inhibiton experiments, Basically. gpl20 was
premeubated Tor 1 h ot room temperature with assay butler or
with different concentrations of peptides and then added 1o the
FLAISA plate coated with CD40 The remiaanimg steps of the C4-
e 120 bindmg assay were performed secording to the manutie-
Tarer s mstoetions

Alternativels . the ChE-coated wells were premcubated with
peptide tor 1 h at room temperature and washed with assay
Patter before adding gpl 200 The rest of the assay was pertormed
s ahove.

Fhe mbubinon of hinding was calealated with use ot the fol-
lowinge tormula:

W0 10Ds Ot peptaied
O 20

+inhiinon

Toxicity Studies
Cell Toxicity

Nabihiny of e Z=1 cells i the presence of peptide was
evalmted with use of oo moedified cell Ivnie assay described else-
where (150 I was performed i paradlel with the synestia tor-
IO s

T 10,000 T 4LacZ-1 cells plated the day betore, 2000 pl of
medium contimmg different concentrations ol the pephides or
medinm tcontrol wells) are added. At the third disy the wells are
washed three times with PHRS. and cell Ivsis is detected by sliun-
ing the plate for 10 mim at room temperature. with 20 pldwell of
i methanol water th:d vol volr solution contiming 0.3 crvstal
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violet, Controls of wells without cells are also nisde to provide
the hachground caused by stming of the plate thlank wellsy
Fhree washes are made by immersion in PBRS of the plates,
chunging the PBS of the contmmer cach time. The plates e
wiped and 100 gl of 0177 sodinm dodecs | sulfute (SDS) well are
added. After complete disaggregation of the cell membranes, the
O at 340 nmis read ina Titerteh Multiskan Hantoreader and
the perventage of viabiline €2V s caleulated with use ot the
tormul:

1y < (O peptide wells OD blanky
(O control wells O blunk)

Animal Toxicity

Intraperitoneal Acute Toxicity test wis carried ont on Swiss
mice aceording to the Organization for Economic Cooperation
and Development Norms 16 and also to the Baropean Beo-
nomie Commumnity (EEC)H divective 01710 Weight measurements,
trwin test. chimcal inspection. and an anatomopatholowcal study
were ilso L'illTiL'ti ol

RESULTS

Peptides | to 4 trom Table 1 were synthesized
first. The phenvlalanines replacing potentially ben-
zvlated amino acids in the sequence of the CD4
peptide TYICEVEDQKELE wre in bold. The four
peptides were difficult to dissolve in the syneytia
inhibition assay medium. Peptide 3 and peptide 4
were solubilized with the help of a sonicator. Be-
cause of the low solubility of peptide 1 and peptide

2. these peptides were not tested. The solutions of

peptide 3 and peptide 4 were tested for their capac-
ity to inhibit svnevtia formation in HIV-I-infected
Molt-2 ¢cells. The results showed that peptide 4 was
more active than peptide 3 (Table 20,

In a second group of experiments. peptide S and
peptide 6 were svnthesized. Peptide § has the same
amino acid sequence as peptide 4 but contains
two extra aspartic acid residues at the C-terminal
end to improve solubility. The inhibition of syn-
cyvtia formation and the inhibition of p17 synthe-
sis assavs show that peptide 6 s more active than

TABLE 1. Phenvlalanine contaning CD4 peptides svathesized
for the sty of inhihition of infection due o lian
imnnodeticieney viray tvpe |

Amino acid sequence

Peptides

| I-Y-1-
3 I-Y-I-
3 -y
4 I'-‘l'-
A I-Y-1-
n FaAsq

Pheny lilanines replacing potentially benzy lied amino acids in
the sequence of the peptide TYICEVEDOQKER are i bold.

Josranal ot Noageerred Dozeiene Ihatio oy

FABLE 2, Inlabutieon oot ante ot diee tov dneman
itmntodctic iemey vy tvpe Dby miedditicd €D svntheti
poptide s with tise of '-.'rul'{ ool

1l1h|1‘|l1o|1

Synes i pl
Peptide lormdion Sunthesis
voneeniration
tw\h s [ ITR Y} T 10, vu M

IYIFEVEDORLE
1Peptide 1)

L " ~ ND
i " N N
(] It 30 vy B N
00 [ ~T NN

I'VIFFVEDOKEE
Peptide 4

AT 1 N N
i " N D
1sn IN il o ~ ND
R A N D

IYIFFVEDOKE EDD
(Peptide 31

s 0 "
Sh 0" "
112 44 11t 0 G
[ il 40

FYIFFVEDOQRERDD
tPeptide t)

28 1] 1l
:.t. EhY _;-'\
112 i i3 a1l no
| s 0l =3

Lhe phens Ldanines repliacing benzyvl groups are m hold. N1,
nontested: N1 not determined: 10, concentration regunred to
inhihit HIV-Tamdoced syoes i formation o pl7 synthesis by
S

peptide S (Table 210 Moreover, these two p-.plld-:
have @ higher activity than peptide 4 (Table 2.
The inhibition of syneytia formation of pcplixlc\
Sand 6 was also tested with HTdlacZ-1 cells (Ta-
ble 31 Clearly. the activities of these peptides
are similar to the ones found when using Molt-3
cells, Also, the results of Table 4 show that peptide
6 is able 1o block the fusion of HIV-1-infected
Maolt-2 cells o uninfected HTHacZ-1 cells, As a
negative control in these assays we used the peptide
TYICEVEDQKEEDD. containing the sequence
®1-92 of CD4. This peptide was totally inactive at
200 w . the highest concentration tested (data not
shown).

The ability of peptide 5 and peptide 6 to block the
hinding of gpl20 to CD4 was studied with use of a
gp120 capture kit as described previously in the
Methods section. Two types of experiments were
carricd out. In the first experiment. the recombi-
nant gpl20 was preincubated with the peptide to be
tested and then added to the ELISA plate coated

Svindromte s Vo, T Na v
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TABLE 3. Inhibition of intection due 1o lnonan
immenodetivienoy viens ivpe Dby moditiod CEH svnthenic
peptides with wse ot HHacZ-1 cells

Peptide Inhibition Cell
concentration viability
M i 10, tp M [1&%]
IYIFFVEDQKEEDD
thPeptide 51
1875 1.74 103,98
37.5 Y83 Y793
73 X1 145 s 74
151 51,53 N334
FYIFFVEDQRKEEDD
(Peptide &)
%75 15 X3 102140
L 4710 100,03
73 3 2 9s.12
150 iy I8 NES0

Ihe phenslalamines replucing benzvl groups wre i bold. The
results are exnpressed as the averape from sty wells Trom two
dependent experiments. 1O, concentration reguired toimhibin
HINV--induced synevtia tormation by 3.

with CD4. In the second experiment. the CD4-
coated wells were preincubated with peptide.
wished with assav bufter to remove unbound pep-
tide. and then incubated with gpl120. FFrom Fig, 1A
it is clear that peptide S and peptide 6. but not the
parent CD4-derived peptide TYICEVEDQKEEDD.
are able to block the binding of gpl20 1o CD4.
Morcover. peptide 6 is more efficient than peptide 3
in blocking CD4=gpl20 interaction. a result in
agreement with the higher svnevtia inhibition activ-
ity of peptide 6. In addition. Fig. 1B shows that
preincubation of CD4 with either peptide 5 or pep-

tide 6 does not lead to blockage of the binding of

gpl120 1o CD4.

The toxicity test of peptides 5 und 6 for
HT4ucZ-1 cells was carried out in purallel with the
svnevtia formation assuyv, These experiments

TABLE 4. Inbubition of Maole-3 HIN-L e and T lacZ-1 fusion
by peptide 6 (FYIFFVEDQORELDD,

Inhibition
Concentration

i i ([ QITR Y

18.75 T4 250

7.5 11.76 B

75 17.47 250
150 1192 250
3 39,05 250

I'he phenyviakimimes replacing benzvl groups are in bold. The
restlts are expressed as the average from sy wells Trom two
independent experiments. 10, concentration required to mhibit
HIN--induced synes tia formation by S0

Jowernad of Avquircd Do Detioicney Sondeomes. Vel 70 N 20 v

showed that these peptides are nontoxic for these
cells (Table 3). Animal toxicity studies of peptide 6
were carried out in Swiss mice. [t was observed that
with a dose of 2,000 mg/Ke. in a single intraperito-
neal administration., this peptide provokes neither
lethality nor neurobehavioral alterations, neither in
the ponderul evolution nor in the general state. In
addition to this. anatomopathological alterations
were not observed.

In conclusion. in accordance with the results ob-
tained in the Intraperitoneal Acute Toxicity Test tor
peptide 6. conducted according to OECD guidelines
(16}, this peptide is nontoxic. A similar conclusion
is reached by using guidelines of EEC directive 87/
19 (17).

DISCUSSION

The chemical similarity between the benzyl group
and the Phe side-chain suggested the possibility that
substitution of benzyliated amino acids, in benzy-
luted CD3-derived peptides (7). by Phe may provide
hiologically active compounds (9). Peptide | and
peptide 2 proved to be very insoluble in the butfer
used tor the svnevtia inhibition assay. This is most
likely due to the four and five hydrophobic phenyl-
alanine replucements introduced in the respective
ariginal sequences, and also. to the low net negative
charge of these peptides under the pH conditions
ol the assay. Peptide 3 and peptide 4 were more
soluble but dissolved with difficulty. To improve
the net charge of the Phe-modified peptides. and
thus increase their solubility at physiological pH,
two extra aspartic residues were added at the C-ter-
minal end. We favored the C-terminal over other
regions Lo avoid disrupting the activity of peptides
substituted at the N-terminus. [ndeed. peptide
Ty, YIC,, By VEDQK ((EL containing an extra
benzyl at the N-terminus (8) is more active than
TYIC,, Ey, VEDQKEE (7) suggesting that this ben-
vl group is important for activity,

Because peptide T, Y1C,,E,, VEDQK  EE had
the higher activity of all reported benzylated pep-
tides (8). we decided to synthesize peptide 6 with
two added aspartic acid residues to improve solu-
bility (Table 1). As expected. the two extra aspartic
acid residues rendered this peptide soluble despite
the presence of the three Phe substitutions. Im-
provements in solubility and activity were found
after adding two aspartic acid residues to peptide 4
1o give peptide S (Table 2).

The results reported by others (7.8) together with
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o o stgeest that the presence of bensene rings
near the N-termunus enhances the olocical avtin-
s ol peptides ipeptide TY1C, L VEDORELR s
more aetive than peprde 1 YO, B NVEDOK
and peptide 6 more than peptide Sy Phe activing o

peptides S amd 6 were also tested with use ol
ez 1 ool o bable 30 These resulis contirmed
those ot Table 2 which <how that pepiide tblocks
PEEN -1 infectiviry i viiro at o lower concentrition
than peptide S0 Peptide 6 did nor show siens of cell
tonatty Hhable 30 as meisured Dythe vabaliey o
HLHaeZ-0 colls incubated with |w|‘htiu‘ e the ab-
sence ol HINV -1 onder the condimions described
Methods. Morcover, aoute tosienty studies corried
oul i Swiss mee with pepode 6 proved tha this
peptide s nor ot aodose s Tagh s 2o g ke,
Lhis result s encouraging im view ol the potential
tse o these pepudes mothe treatiment of ALDS,
Another tvpe of compounds, N-carbomethosy -
carbonvl=prolvl-phoeny lalany ] benswl esters o PE sy
LIS has been described os able to block THN -]
mfectvaty m viro V1 Fhese compounds seem o
act viaomteractrons soth voad memibranes becadse
they e active azianst cuveloped virpses but n
deunst nonenveloped ciruses ol They are active
i the ranee of 031 mA THowever, siemibicant
tovie cllect of these compoiinds on CRIne cells s
detected after 24-h exposure o Lom VS CPEs o],
thaerr tovacity being probahlv pelated o alteraon ol
the cell membiane, Bengy lated peptides 1782022
derived trom CDAIRT02 e chenucallv similin to
our Phe-sobsttuted peptides. thes e noncompet -
itive inhihitors ot C D4 s lndine 1o gp 1 20 and o

=%

a monockonad anibods 1o the CDR2-Lke region ol

Popiade vomcenteation a ™

Poptide wom enteation ¥

CD4 230 A conbd be expected Trom the chemical
sinularity with bengslated peptides, Bieo 1 showes
that peptide 3 and popide bowere also ghle 1o block
the mteraction betsween ep 20 and D2, Sinee s
imteractiion wias boceed sfter pramcubation o
epl20wath peptides clbae DN bur not stter promei-
Pation of C DD clue, 1w may be conclided that
pephide > and peptide 6 Bind oo ep 120 But et o
CDE Aol as ~howa e Lasle 40 the absenee o
tree THN Eocthe mcdinne. they are able to Mock the
Paston ol noninfectad NMaodt-3 cells to HIV T
intected HT4leZ-1 cells vy ep 20 ot then sur-
tace. woresult moagrecient with the hlockme of the
mteraction between op | 200l € D As apposed 1o
CPL < peptide = and pepiide oodo nor show gy spen
ol tonicHy o sgaesting thit ther mode o action as
ditferent trom that of the CPES

Peptide IYIC 1 NEDOKEForchenieally <im
e to our peptide < and the more solille version.
|‘L'|‘li\1\.‘ s able to bind !["[:“ N Aadernived .i‘c[“'ullk"
240 Adsos this benzs Laed peptide I
g o soluble rep L2000 ano-N S antibodies, suggest-

acks the Pind-

g thict ot bredsoto the third by pervirable region ol
epl 228 whnch has been descrnbed o~ 0 donian
that s essential for suacv e fornetion Bt nol tor
sarus bindimg 123

Fhe use of short svathetic peptides contammeg
Phe. hke peprade toomy prove o be usetul in the
eatment of AIDS Pepode 6o niore aeinve e
the CPPs and has the advantage of beimne nontosg
in v o dose as Biieh as 22000 me ke oD mimol
ke Benzs bated j‘i.‘]"i!l[u\ have bBeen shhow o Prias-
~sess oo somew hat doeher activity than Phe-

substituted poptides. olthonel ne direct comparison
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has been carried out. However, the Phe-substituted
peptides are more easily prepared by synthesis and
can also be expressed by recombinant technology.

Since the virus level used for the in vitro HIV-1
inhibition assays is probably higher than the circu-
lating virus levels in humans after HIV-1 infection,
it is likely that the active dose of peptide 6 neces-
sary to inhibit HIV-1 in vivo may be lower. This
would, however, be true only if the peptide is not
quickly degraded or cleared from the blood stream.
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